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INTRODUCTION
Advances in controllable synthesis techniques continue to further enable the use of carbon nanotubes (CNTs) in numerous engineering applications that exploit their excellent thermal, mechanical, and electrical properties, even beyond the original set of applications that ensued following their widespread study in the early 1990s [1] . Integrated use of CNTs for thermal management of heat dissipation from electronic devices has been extensively explored due to the extremely high thermal conductivity of CNTs determined both theoretically [2, 3] and experimentally [4] [5] [6] [7] [8] and has led to the enhancement of multiple technologies spanning the consumer, military, and automotive electronics industries. Such applications include reduction of thermal resistance at interfaces between components [9] [10] [11] [12] [13] , development of novel composite materials with increased thermal conductivity [14] [15] [16] [17] , and improvement of pool boiling heat transfer [18] [19] [20] [21] . High-density heat dissipation from next-generation electronics motivates further investigation of novel heat transfer enhancement strategies that can be readily integrated into practical devices.
A vapor chamber heat spreader ( Figure 1 ) transports heat from a high-density source (that typically cannot be cooled using conventional air-cooling methods) to a low-density, large-area heat rejection surface. Such a device operates passively by transporting the working liquid through a porous material by capillary action to the evaporator surface where evaporation or boiling occurs and heat is absorbed. Pressure generated in the evaporator region forces vapor toward the condenser region, where heat is rejected to the surface and condenses back to a liquid. Nearly isothermal operation of the device at the fluid saturation temperature results in a high effective thermal conductivity that is widely exploited in the electronics cooling industry. However, performance can be limited by a large temperature drop through the evaporator when high heat fluxes are encountered. In order to handle increasingly high heat fluxes dissipated by electronics, the thermal resistance of the vapor chamber device must be reduced; this may be achieved through intelligent integration of CNTs into the evaporator. Though CNT coating of surfaces has been shown to improve pool boiling heat transfer coefficients [18] [19] [20] [21] [22] , the mechanism is fundamentally different from the phase-change processes that occur in a vapor chamber. In contrast to nucleation of bubbles from a submerged porous substrate in pool boiling, a liquid-vapor free surface exists at the top layer of the porous structure in a vapor chamber, which allows for intensive thin-film evaporation and reduced bubble departure resistance. Additionally, the process of capillary wicking of fluid through the porous material is heavily influenced by bubble nucleation within the wick. Several recent studies [23] [24] [25] [26] have described test facilities specifically intended to replicate and investigate this capillary-fed boiling phenomenon from conventional porous wick structures. Yet, enhancement through the use of CNTs is relatively unexplored. In order for CNTs to be widely incorporated, they must be proven to be capable of wicking water, the working fluid with the highest heat transfer potential at the operating temperatures of vapor chambers used to cool electronic systems. Though CNTs are naturally hydrophobic [27] [28] [29] [30] , surfactants have been shown to facilitate their use as microfluidic capillary pumping devices [31] . A more desirable functionalization method is uniform coating of the individual nanotubes with copper [32] [33] [34] . In addition to yielding a wetting surface, using copper-the most widely used wick material-for the coating offers proven long-term reliability and compatibility with the working fluid. The copper coating also adds mechanical support to the CNTs, preventing collapse of the array into bundles when subjected to capillary forces.
In our recent studies, thermal performance of a CNT-coated evaporator was evaluated [34] . The array density and copper coating thickness were varied, and the parameters that resulted in the minimum thermal resistance were identified. A subsequent fluid flow analysis [35] revealed that the low permeability of a dense CNT array limits capillary feeding over large distances and prevents the use of such an array over large evaporator areas. To remedy this limitation, a novel evaporator concept was developed with localized CNT array nanowick areas fed by interspersed sintered powder microwick conduits that have higher permeability for bulk fluid flow. A drastic reduction in the evaporator thermal resistance was predicted upon the optimization of the areas covered by the nanoand microwick regions. The current study aims to utilize optimal CNT array parameters and experimentally evaluate the efficacy of this evaporator concept compared to a conventional, homogeneous sintered power wick. Wick samples are fabricated to study the individual as well as combined effects of CNT growth on sintered powder wicks and patterning of sintered powder wicks. This article presents a detailed characterization of the resulting wick nanostructures and measurement of the thermal resistances of the different samples via testing in a capillary-fed boiling facility.
CNT-ENHANCED EVAPORATOR STRUCTURES
The design of a CNT wick evaporator structure requires optimization of the CNT array geometry in order to balance two opposing wick characteristics: permeability and capillary pressure. As the array density increases and the intervening pores become smaller, the flow permeability decreases, and pressure drop through the array inhibits fluid feeding of the evaporator. Alternatively, if the pores are too large, the capillary pumping pressure developed in the wick may be insufficient to drive adequate liquid flow to the heated region. Therefore, development of such evaporator structures requires controllable CNT synthesis conditions with well-understood effects on the corresponding CNT morphology. The microwave plasma-enhanced chemical vapor deposition (MPCVD) process allows for Downloaded by [Purdue University] at 13:09 23 September 2013 accurate control over the local gas chemistry, catalyst preparation, and bias voltage, which can be tuned for variation of CNT array density [36, 37] . Investigation of the effects of chemical vapor deposition CNT synthesis process parameters on resulting growth has been similarly engineered various applications [38] [39] [40] .
Four different wick samples were fabricated to independently study the enhancement provided by several proposed augmentation features. A homogeneous bare sintered powder sample (Figure 2a ) served as the baseline for comparison against a CNT-coated homogeneous sample (Figure 2b ), a micropatterned sample (Figure 2c) , and a sample with both proposed augmentation features (Figure 2d ). The sintered powder features for all samples were created using the same fabrication process, and the CNT growth and functionalization processes used for the coated samples were identical.
Sintered Copper Powder Microwick Fabrication
The first step in sample fabrication is sintering the copper powder microwick and attaching it to a solid substrate that represents the vapor chamber wall. The 25.4 × 25.4 × 0.5 mm solid substrates were composed of laminated 13% Cu, 74% Mo, 13% Cu sheets. This material was chosen for direct mounting of vapor chambers on electronic devices because it matches the thermal expansion coefficient of silicon. The porous wicks were fabricated at Thermacore Inc. (Pennsylvania, USA) by placing copper particles into a mold of the desired pattern and exposing it to a proprietary high-temperature forming gas atmosphere to sinter the particles to one another and to the substrate. The resulting structure had a volumetric porosity of 50%. Particles with a 100-µm average diameter were used for all samples, yielding approximate pore radii of 21 µm and a permeability of 4.1 × 10 −11 m 2 as predicted by correlations for sintered particles [41] . A separate investigation was performed by Bodla et al. to determine the capillary properties of such sintered wicks (produced using the same fabrication process) without the use of empirical correlations [42] . Two different wick geometries were fabricated-a homogeneous uniform layer and a square grid pattern-for testing with and without integrated CNT growth. The sintered layers in both geometries were 1 mm thick and covered the central 20.3 × 20.3 mm of the 25.4 × 25.4 mm substrate, which left a flat surface along the edges of the porous wick for sealing against the test chamber wall. The patterned sample had a 4 × 4 grid of 1.119 × 1.119 mm open areas separated by 0.508-mm-thick sintered channels, in total covering a 6 × 6 mm area above the heat input area ( Figure 3 ). The homogeneous wick did not have a grid pattern and was uniformly coated.
CNT Growth Procedure
For the samples enhanced with CNTs, a trilayer metal catalyst composed of 60 nm of Ti, 10 nm of Al, and 3 nm of Fe was deposited directly on the sintered copper samples using a Leybold e-beam deposition system. The Fe provides active growth sites for the CNTs. The CNTs were grown on the catalyzed samples in a Seki AX5200s MPCVD system. The system ( Figure 4 ) allows independent control of substrate temperature, substrate position, gas flow rates, chamber pressure, bias voltage, and microwave power. The ability to control these independent parameters before and during the growth process leads to the controlled synthesis of CNTs. Details of the CNT growth procedure are available in prior work [36] . In brief, once the samples are introduced, the system was pumped down to 2 Torr. The temperature was ramped to 900
• C under 10 Torr of N 2 for annealing, and growth was initiated under 50 sccm of H 2 and 10 sccm of CH 4 . After growth, the system was allowed to cool, and the sample was then removed and observed via scanning electron microscopy (SEM).
CNT Functionalization
Initially, a sessile-drop method was used to qualitatively assess the hydrophobicity of the CNT enhanced samples. A water droplet with a macroscopic contact angle greater than 90
• formed on the sample surface and there was no observable wicking of the water into the sample. This problem was alleviated by coating the post-CNT-growth sample with a thin layer of evaporated Cu via physical vapor deposition, making the CNT surface hydrophilic. Based on analysis via transmission electron microscopy ( Figure 5 ) of a preliminary sample coated with Cu, it can be inferred that the actual Cu coating thickness for samples used in this work was on the order of tens of nanometers. Qualitative wicking tests conducted after the Cu coating showed that water was instantly wicked into the sample surface, leaving no droplet on the surface.
Resulting Sample Morphology
Observations of the resulting CNT growth for both patterned and homogeneous samples were made via SEM. images of the CNT-coated homogeneous sample following copper deposition. The lowmagnification image (Figure 6a ) highlights the general topography of the homogeneous sample surface, confirming that the entire bulk porous sintered powder structure was coated with CNTs wherever the trilayer catalyst was deposited. Closer inspection of a single sintered particle at medium magnification (Figure 6b) shows that the top layer of individual particles was coated with CNTs within the SEM field of view. The line-of-sight catalyst deposition process likely prevented uniform CNT coating around the entire underside of the particles; nonetheless, CNT growth was observed on the vertical sides of the particle and penetrated to particles in the deeper layers within the sintered powder structure. The CNT array structure resulting from the optimized growth recipe was composed of random, nonaligned nanotubes that formed a matrix of permeable nanoporous cavities. The formation of CNT nanopores over a large portion of the sintered powder surface was expected to increase the effective heat transfer area from the wick base to the liquid-vapor interface while simultaneously providing an increased nucleation site density for boiling. The highmagnification image (Figure 6c) illustrates the effectiveness of the copper functionalization method. Physical vapor deposition of copper coated each nanotube along the entire tube length and tube diameter, resulting in a hydrophilic porous structure that behaved as a capillary wick.
Similar low-, medium-, and high-magnification images of the CNT-coated patterned sintered powder sample are shown in Figure 7 . In this case, the images are shown prior to copper deposition and functionalization of the CNTs. No effort was made to mask the catalyst to any specific area and, therefore, CNT growth was observed over the entire patterned sample surface (Figure 7a ). By coating with CNTs in this manner, the sintered copper powder sections retained any enhancement provided by the CNTs as with the homogeneous sample, while the exposed substrate at the base of the grid pattern also served as a wicking surface. observed for the homogeneous sample, but in these images the CNTs were not yet coated with copper. The images suggest that the CNT array was more tightly packed prior to copper coating because the nanotubes were formed into bundles. The copper coating may thus also serve as a mechanical support to the CNT structure, separating the individual tubes through intermolecular repulsion and preventing collapse of CNTs into bundles. Growth of an aligned CNT array directly on the substrate within the open patterned grid was also confirmed (Figure 7c ). This CNT array served as additional area for evaporation/boiling from a liquid wicking surface compared to the uncoated patterned sample. Downloaded by [Purdue University] at 13:09 23 September 2013 
PERFORMANCE CHARACTERIZATION

Capillary-Fed Boiling Test Facility
To compare the heat transfer performance of the four samples, all were tested in a capillary-fed boiling experimental facility that replicated the liquid capillary feeding mechanism and internal conditions of a vapor chamber. All of the boiling curves presented for performance comparison between the multiple evaporator samples were generated using the experimental apparatus and procedures described in the following paragraphs. The Downloaded by [Purdue University] at 13:09 23 September 2013 facility was developed to measure the substrate temperature of a porous wick material subjected to varying heat fluxes as water is fed by capillary action over the sample surface, mimicking the evaporation/boiling mechanisms and boundary conditions that would occur in a vapor chamber [23] .
Directly prior to testing, all samples were placed in a hydrogen reduction plasma in the MPCVD chamber at 100
• C for 5 min under a plasma power of 200 W to remove any minor copper oxidation and preserve the surface wetting characteristics. In order to supply a high heat flux input to the back of the evaporator substrate, each sample was soldered to a copper heater block with a heat source area of 5 × 5 mm. The heater block was encased in a ceramic insulating shell. The 0.102-mm-thick Pb-Sn (conductivity, k s , 50 W m −1 K −1 ) solder joint was formed in an inert argon environment at 200
• C to prevent surface oxidation. The copper heater block and sample assembly was sealed vertically against the test chamber (Figure 8a ).The test chamber contained a bath with a liquid surface level precisely fixed 8.25 mm beneath the heat input area, thereby forcing the liquid to wick over the evaporator to cool the surface. The liquid water bath and vapor space in the chamber were held at the saturation temperature (100
• C) at atmospheric pressure, monitored by internal thermocouples and a pressure transducer. A rigid borescope was sealed through the chamber wall and was attached to a Photron Fastcam-X 1024 PCI high-speed camera (Motion Engineering Company, Inc., USA) to allow for in situ visualization of the sample surface during testing at up to 10,000 frames per second. This apparatus can be used to view normally and at a 45
• angle to the sample surface, allowing the vapor formation regimes (i.e., evaporation versus boiling) to be identified during testing, as discussed in the Experimental Results and Discussion section.
To begin an experiment, the water in the chamber was first boiled vigorously with the Graham condenser valve open in order to purge all noncondensable gases and produce a saturated water vapor environment. For each heat flux test point, the required electrical input to the embedded cartridge heaters was provided and the system was allowed to stabilize until the substrate temperature varied less than 0.1
• C min −1 for a period of 10 min, defined as steady state. Once a steady state was reached, the high-speed camera was used to record the corresponding evaporation or boiling process for every heat flux data point shown on the boiling curve. Each heat flux versus temperature point on the boiling curve was generated by time-averaging 5 min of steady-state data. The temperature drop along an array of thermocouples (T 1 to T 4 ) embedded along the centerline of the copper heater block (Figure 8b ) was used to determine the heat flux q according to Fourier's law for one-dimensional heat flow. This calculation method allows determination of the actual heat flux and accounts for heat losses from the heater block insulation. The substrate temperature T substrate was found by extrapolating the measured temperatures to the substrate and accounting for the temperature drop across the solder joint according to
where x is the thermocouple location, t s is the solder thickness, and the copper conductivity k Cu is taken as 400 Wm
An uncertainty analysis revealed the uncertainties in heat flux and substrate temperature; inputs to the uncertainty analysis include the following contributions: ±0.3
• C thermocouple temperature, ±0.08 mm thermocouple location, ±25% solder thickness, ±5% solder conductivity, and ±1 × 10 
Experimental Results and Discussion
Evaporator performance was determined by the ability of a sample to maintain a low sample substrate temperature for a given heat input. A boiling curve, which plots heat input versus substrate temperature, was developed for each sample by monitoring this temperature over a range of increasing operating heat fluxes. A shift in the boiling curve toward lower surface temperatures indicates an increase in the evaporation/boiling heat transfer coefficient.
All boiling curve results are presented in comparison to the baseline sample A, a uniform homogeneous sintered powder wick, which represents the current standard of Downloaded by [Purdue University] at 13:09 23 September 2013 performance in vapor chamber devices. Therefore, it is important to first understand the boiling curve and underlying associated heat transfer mechanisms for this sample as represented by the circular data points in Figure 9a . At low heat fluxes, from 13.8 to 53.4 W cm −2 , a linear temperature rise was observed with increasing heat flux, corresponding to the evaporation regime. At these heat fluxes, liquid completely saturated the porous structure, and heat transfer occurred through evaporation from the menisci formed at the highest particle layer. A further increase in the heat flux caused incipience of boiling and a substrate temperature drop. We also note that whereas the boiling curve presents only steady-state data, Figure 9b illustrates the transient temperature response associated with boiling incipience. The temperature drop was nearly instantaneous as a 6.4
• C decrease was observed between neighboring data points with a sampling rate of three per second. This performance increase can be attributed to the transition from evaporation at the top particle layer to bubble nucleation at the base of the wick, consequently bypassing conduction resistance through the saturated wick layer [23] . Following incipience, from 70.4 to 514.0 W cm −2 , a linear temperature dependence on heat flux was again observed during the boiling regime, albeit with an increased slope attributable to the more effective heat transfer mechanism. This maximum heat flux does not represent a physical sample limitation; instead, the experimental facility limits tests at higher heat fluxes. This is the case for all results presented in this study.
To evaluate and isolate the effects of a CNT coating grown over a copper sintered powder wick on vapor chamber evaporator performance, the CNT-coated homogeneous wick boiling curve is compared against the uncoated wick in Figure 9a . The CNT coating augments performance primarily at low heat fluxes. Unlike the uncoated sample, boiling incipience occurred immediately at the first test heat flux of 19.3 W cm −2 . Therefore, the substrate temperature immediately followed the steeper linear slope associated with boiling and provided lower-temperature operation up to the heat flux at which incipience occurred in the uncoated sample. This enhancement resulted in a substrate temperature reduction compared to the uncoated sample of as much as 6.4
• C at 57.5 W cm −2 , a 72% decrease in the substrate superheat. Once the heat flux reached and exceeded approximately 70 W cm −2 , the performance was similar for the CNT-coated and uncoated samples within experimental uncertainty.
Similar enhancement has been observed for pool boiling where CNT-coated [20] and copper nanowire-coated [22] copper surfaces reduced the incipience superheat associated with transition from free convection to nucleate boiling due to an increased availability of cavities for vapor embryo entrapment and nucleation. This CNT enhancement phenomenon has not been previously identified for transition from evaporation to boiling in capillary-fed porous media. Uniform coating of sintered copper particles with a random mesh CNT array breaks up the liquid-vapor free interface and creates a large number of potential nanoscale vapor nucleation sites over the submerged particles. This nanostructuring forces transition to the more efficient boiling process in a capillary-fed porous material that otherwise would sustain evaporation up to moderately large heat fluxes (which represent the typical regime of operation for lower power electronics). In addition to the reduction in substrate temperature at low heat fluxes, the elimination of a large, sudden, and unpredictable temperature drop as typically seen due to temperature overshoot in uncoated sintered materials is highly advantageous for regulation of temperature-sensitive electronic devices that are susceptible to fast thermal transients.
The performance of the micropatterned sintered powder wick, sample C, featuring a 4 × 4 grid of square-cut holes exposing the underlying substrate, was compared against the homogeneous sample A. There were two motivating hypotheses behind patterning of the sintered powder wick. The first involved the intentional creation of small regions on the exposed substrate over which CNTs arrays can be grown. The small nanowick evaporator surfaces thus created do not suffer from the large pressure drops that would be encountered if the entire substrate were covered with CNTs. Secondly, patterning offers openings for vapor to exit the wick separately from the fluid-feeding capillary pores. Boiling performance is influenced by the resistance to the release of vapor generated at the base of the wick. This latter hypothesis of increased vapor permeability was assessed by testing a patterned sample without CNT coating.
Boiling curves comparing the patterned and homogeneous sintered samples are shown in Figure 10a . As expected, their performance was nearly identical in the evaporation regime because there was no vapor generation from the base of the wick. The patterned sample exhibited incipience superheat associated with a transition to boiling Downloaded by [Purdue University] at 13:09 23 September 2013 similar to that of the uncoated sample. An instantaneous temperature drop of 5.6
• C (versus 6.4
• C) was observed upon boiling incipience during this transition when the heat flux was changed from 45.3 to 59.9 W cm −2 . Following incipience, the enhancement provided by the patterning was apparent throughout the boiling regime once vapor generation from the base of the wick became the dominant mode of heat removal. The slope of the boiling curve was shifted toward lower substrate temperatures with a maximum superheat temperature decrease of 30% observed at 514 W cm −2 . Based on in situ visualization of the sample surface, this significant reduction in substrate temperature was attributed to the hypothesized increase in vapor permeability due to patterning. Figure 10b shows a photograph of the central four open grid cells on the patterned sample during boiling. In this image, two vapor bubbles are shown nucleating from the open grid areas. This is dissimilar from the homogeneous sample, where vapor was forced to exit from the finer sintered powder capillary pores. Clearly, vapor preferentially agglomerates and exits the wick structure through these large open vents, increasing boiling efficacy. Though CNT coating on the homogeneous Downloaded by [Purdue University] at 13:09 23 September 2013 sintered sample resulted in only low-end heat flux enhancement (as observed for sample B in Figure 9a ), micropatterning reduced the thermal resistance at the higher heat fluxes corresponding to vigorous boiling, and therefore displayed the potential for extending the maximum supported input heat flux. An increase in boiling critical heat flux due to implementation of open vapor channels in a porous wick agrees with analytical models in the literature [43, 44] .
Sample D, which combined micropatterning and CNT coating of the sintered powder layer, is also compared against the baseline sample A in Figure 10a . Inspection of the boiling curves shows that the two separate enhancement mechanisms individually identified from testing samples B and C were preserved for sample D. The incipience overshoot was eliminated, resulting in a 58.4% reduction of the superheat temperature at 54.2 W cm −2 relative to sample A. In addition, the superheat was reduced by up to 29.4% at the higher heat fluxes as well. Encapsulating both of these significant performance augmentation strategies within a single evaporator structure is a noteworthy achievement made possible by engineering of CNT-integrated wick surfaces. Despite the elimination of incipience superheat by means of CNT coating, comparison between the CNT-coated patterned sample D and uncoated patterned sample C revealed slightly reduced thermal performance of the CNT-coated surface at intermediate heat fluxes from approximately 150 to 250 W cm −2 . Visualization of the sample surfaces during boiling did not reveal a significant difference in boiling behavior in this regime, which could explain the slight performance reduction.
CONCLUSIONS
Combined micro-and nanoscale surface structuring for enhancement of both evaporation and boiling heat transfer from porous wick structures was proposed and verified in the current study. Controlled synthesis of a CNT array on a sintered copper powder microwick was shown to form a permeable nanoporous coating over the top layer of copper particles. Additionally, physical vapor deposition of copper over this CNT array yielded a uniform copper coating on each nanotube, which resulted in a hydrophilic wicking surface viable for incorporation into vapor chambers utilizing water as the working fluid. The heat transfer enhancement provided by a CNT coating was confirmed using a test facility that replicated the internal conditions of a working vapor chamber. The CNT coating was shown to reduce the surface superheat temperature by as much as 72% by initiating boiling at low heat fluxes and avoiding the boiling incipience temperature overshoot observed for uncoated samples. Finally, micropatterning of the sintered copper powder directly above the heat input area was shown to reduce the superheat temperature by up to 30% at high heat fluxes by creating high-permeability vents through which vapor generated during vigorous boiling could more readily leave the surface.
